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1. INTRODUCTION 

Motivated by global warming and climate change, we witness a rapid increase in the number of 
electric vehicles (EVs) around the world. However, there are still problems that make the transition to EVs 
sluggish, and Malaysia is no exception. The most notable obstacles to mass adoption of EVs are: i) Electric 
grid capacity: the present grid is not designed to accommodate power demand when large number of EVs are 
plugged in. Thus, it requires major adjustments; ii) Battery charging time is still long; iii) Battery cost which 
constitutes 40% of vehicle price; and iv) EVs won't be as effective if the power required to charge its 
batteries isn't obtained from green or renewable energy sources. Thus, new power-plants are needed. 

Given this, HEVs appear to be one of the best short-term solutions for facilitating the transition to 
full EV transport. In the meantime, HEVs provide the time needed to address issues inhibiting EVs mass 
adoption. HEVs combine the benefits of both EVs and conventional vehicles while make-up for their 
shortfalls. It also serves as tool that gradually alters consumer behavior and tilt it towards EVs. Among 
various types of HEVs, through-the-road hybrid electric vehicle (TTRH-EV) stands out as one candidate to 
be incorporated in Malaysia's green mobility plans. This particular type of HEV can serve Malysia best on 
accomplishing both its national and global commitments. This technical solution is vastly studied in literature 
for its conversion ability where a conventional vehicle can be transformed into a HEVs. This can save cost, 
eliminates the need to scrap existing vehicles hence reduce GHG emission and boost Malaysia's progress 
speed towards pure EV mobility. 
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TTRH-EVs are available commercially from several prominent auto manufacturers; Volvo [1] and 
BMW [2] have already introduced their TTRH-EVs to the market. Moreover, this topic was well received by 
automotive research groups at universities, as TTRH-EV offers the prospect of converting a conventional car 
into a hybrid, a.k.a. a retrofitted TTRH-EV. The University of Salerno in Italy [3]-[5] has extensively 
worked on retrofitted TTRH-EVs. They developed and patented a proposal for hybridizing cars with solar 
panels to recharge the battery [6]-[11]. The hybrid kit includes two in-wheel motors, an extra Lithium-ion 
battery, solar photovoltaic modules installed on the car body, and a control unit for the electric powertrain. A 
schematic depiction of the hybridization kit is available at the LifeSave website [12]. Simulation analysis 
using validated models has shown that the solar hybrid vehicle can achieve significant fuel consumption 
reductions, up to 20% in typical urban driving. The analysis has also confirmed that the most significant 
benefits are achieved in urban driving, and there is a trade-off between the level of complexity used for 
hybridization and fuel savings. Real-time models can detect active gear and neutral gear conditions without 
using additional sensors and using only low-frequency OBD data. Studies show that the solar hybridization 
technology has good potential to be adopted by users [13]-[17]. 

In another piece of research, a group at University Technology Petronas (UTP) in Malaysia, in 
partnership with H2E Technologies Sdn. Bhd., transformed a Proton WAJA into a hybrid car. The proposal is 
similar to one from the University of Salerno, involving the use of IWMs and a battery placed in the car's 
trunk. The original vehicle structure had to be changed in order to make it suitable for [WM's installation. 
Moreover, the team replaced the cable-driven engine throttle with an electronic device for two reasons: it 
disconnects the accelerator pedal command from the engine throttle, and it allows the driver's torque request to 
be processed and divided between the internal combustion engine and the electric motors [18]-[22]. The UTP 
team conducted a simulation study to investigate the impact of internal combustion engine (ICE) sizing on fuel 
economy and NOx emissions in TTRH-EV technology [18]. For this purpose, two TTRH-EVs with different 
ICE maximum output powers were compared with a conventional vehicle in a simulation environment. The 
two TTRH-EVs had a 30% and 50% degree of hybridization and were optimized for powertrain cost by 
generating potential optimal design solutions for the size of the electric motor [23], battery pack, and gear 
ratio. It has been established that the battery capacity is determined by the energy required to satisfy the all- 
electric range (AER) restriction of the vehicle. Additionally, the battery size is influenced by the maximum 
power of the electric motor (EM), which is linked to the powertrain's maximum power limit. Furthermore, the 
minimum acceptable size of the EM is dependent on the limitations of the 0-100 km/h acceleration time and 
maximum vehicle velocity. The study also shows that both TTRH-EVs are slightly heavier than conventional 
vehicles owing to the additional weight of the battery pack, electric motor, and so on. 

This paper intends to develop a vehicle model, both for conventional and retrofitted Proton SAGAs, 
and design a supervisory controller for the retrofitted SAGA. First, the vehicle and system architecture are 
described. Next, vehicle modeling and development using MATLAB and Simscape are explained. Then, a 
vehicle control strategy and its design using MATLAB/stateflow are presented. Finally, the system model 
and its controller were tested against standard driving cycles. 


2. VEHICLE AND SYSTEM DESCRIPTION 
2.1. Proton SAGA 1.3 L specification 

In this paper, an internal combustion engine-based Proton SAGA 1.3 L will be used for the 
conversion study. The Proton Saga 1.3 L is a popular subcompact car manufactured by Proton Holdings 
Berhad, a Malaysian automaker. The Saga has been in production since 1985 and is currently in its third 
generation. The car is known for its practicality, affordability, and reliability, making it a popular choice 
among budget-conscious consumers. Table | presents the vehicle specification for the SAGA 1.3 L. 


Table 1. Proton SAGA technical specification 


Engine Transmission Body 
- 1.3-liter inline-four-cylinder engine - 5-speed manual or 4-speed automatic - Length: 4,331 mm 
- Max power: 95 hp at 5,750 rpm - Width: 1,689 mm 
- Max torque: 120 Nm at 4,000 rpm - Height: 1,491 mm 


- Wheelbase: 2,465 mm 
- Weight: 1,045-1,110 kg (depending 
on model and options) 


2.2. TTRH-EV system architecture 
TTRH-EV, conceptually speaking, is a post-transmission PHEV; nonetheless, the way the TTRH- 
EV powertrain is configured distinguishes it from conventional PHEVs. The main difference between TTRH- 
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EVs and PHEVs is the absence of mechanical coupling between power sources in TTRH-EVs. This 
particular configuration of HEV has received a few different names by different researchers, such as split- 
axle parallel HEV [24], split-parallel HEV, and TTRH-EV [8], [25]. Different names stem from the 
researcher’s viewpoint and focus on matter; nonetheless, this work will use TTRH-EV only. Figure 1 is a 
conceptual demonstration of the TTRH-EV powertrain. 

One of the possible ways to realize TTRH-EVs is by retrofitting a conventional vehicle into a HEV. 
It is also one of the appealing features of this particular configuration of HEVs, in which an existing fuel- 
based vehicle is converted into a TTRHEV. There are two proposed schemes to accomplish a retrofitted 
TTRH-EV, depending on the details of the electric propulsion system. A retrofitted TTRH-EV can be 
constructed by installing a single electric motor to run both rear wheels or by using in-wheel motors (IWM). 
The architecture for both designs is presented in Figure 2. 
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Figure 1. Conceptual illustration of TTRH-EV powertrain 
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Figure 2. Possible configurations of retrofitted TTRH-EV 
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3. MODELING AND SIMULATION 
3.1. SAGA electric powertrain 

An effective modeling and simulation environment is an indispensable tool for automotive engineers 
and designers to study and manage the interaction between various components of a HEV. For the purpose of 
this study, the vehicle is modeled using MATLAB and Simscape. This particular toolbox in MATLAB 
enables the physical modeling of various systems in multiple domains. It is based on causal modeling 
techniques, in contrast to causal techniques, which reflect the realistic behavior of systems and their 
components. Moreover, the TTRH-EV powertrain is modeled at system level, which is adequate for control 
system design studies. 

To hybridize Proton SAGA, an electric propulsion system must be designed. In other words, the size 
of the main components of the electric powertrain, i.e., the battery and motor, must be determined. Since the 
design is intended to be a full HEV, the main consideration in the component sizing process is that the 
electric powertrain should overcome all forces acting on the body of the vehicle and load, such as rolling 
resistance, aerodynamic drag, and resistive force due to climbing an incline. To determine the electric motor 
and battery size, the ADVISOR software package is used. The technical specification of SAGA was fed to 
the software package. Table 2 shows the motor and battery pack sizes. 

The data for these components is available in ADVISOR. They are then deployed in the Simscape 
environment to construct an electric powertrain model based on the Proton SAGA 1.3 L, as shown in Figure 
3. Next, the model is validated against multiple driving cycles such as FTTP75, EUDC, and ECE15. Figure 4 
shows the vehicle's actual speed versus FTP75, which demonstrates the electric powertrain is able to perform 
standalone to run SAGA as an EV. 


Table 2. Electric Propulsion component size from ADVISOR 
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Figure 3. SAGA-electric powertrain model IN Simscape 
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Figure 4. SAGA electric powertrain tested with FTTP75 
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3.2. SAGA internal combustion engine powertrain 

Conventional SAGA powertrain components are the internal combustion engine, four-speed 
transmission, transmission control logic, and vehicle body. To have a realistic SAGA model, real measured 
data are used to model the engine and transmission system with a gear-shift controller, as shown in Figure 5. 
Figure 6 shows the SAGA engine brake specific fuel consumption (BSFC) map superimposed by the engine 
optimal operating line (OOL). OOL is the line along which an engine operates at its maximum fuel 
efficiency. This line is obtained by solving an optimization problem that returns the corresponding speed and 
torque vectors at which fuel efficiency is at its maximum. This data is required to control the engine such that 
engine operating points are restricted to optimal regions within the BSFC map. 


Vehicle Speed 


Gear Number 


Trans Control 
Unit (TCU) 


Engine rpm 


ICE Engine 
& 
Controller 


Vehicle 
Dynamics 


Acc Pedal 


Driver 4 Spd Trans 


Brake Pedal 


Vehicle Speed 


Figure 5. SAGA internal combustion powertrain 
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Figure 6. SAGA- engine BSFC map and optimal operating line (OOL) 


The transmission system for SAGA is a four-speed automatic (4-AT) system. It is modeled with a 
torque converter coupled to a variable transmission system (CVT). This structure, conceptually speaking, 
demonstrates similar behavior to that of a geared automatic transmission; moreover, there is gearshift logic 
implemented in the model to ensure the CVT behaves like an AT, as shown in Figure 7. 

The gearshift logic is implemented using the MATLAB/state flow toolbox. It uses SAGA gearshift 
maps to calculate a speed threshold at which gear changes need to take place. The gearshift logic also decides 
whether the gear should shift up or down, as illustrated in Figure 8. Similar to the SAGA electric powertrain, 
the engine-based powertrain is also tested against a few standard driving cycles. Figure 9 shows the vehicle 
speed of the engine-based powertrain and gear change process during drive. 
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Figure 7. SAGA, 4-speed automatic transmission in Simscape environment 
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Figure 8. SAGA, 4-speed AT gearshift map 
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Figure 9. SAGA, engine-based powertrain model test with FTTP75 
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As the final step in modeling and controlling a retrofitted SAGA (TTRH-EV), the two separate 
powertrains are combined in a single model to form the TTRH-EV powertrain, as shown in Figure 10. In 
contrast to powertrain models for electric propulsion and engine-based systems where the vehicle dynamics 
subsystem includes either the front or rear wheel, the vehicle dynamics subsystem in the TTRH-EV model 
includes all four wheels. The front wheels are propelled by the engine's propulsion system, and the rear 
wheels are attached to the electric motor. Subsequently, a 4WD vehicle is realized, which is one of the key 
features of the TTRH-EV system. Figure 11 presents the vehicle dynamics subsystem constructed using 
Simscape-driveline. 
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Figure 11. 4WD subsystem in TTRG-EV SAGA 


At this stage, the model does not include a supervisory control system. Instead, the power demand is 
equally divided between the engine and electric motor, and the model is validated against standard drive 
cycles. Figure 12 shows the TTRH-EV speed profile versus the FTTP75 drive cycle while the engine and 
electric motor equally supply power to the wheels (TTR = 50%). It can be seen from Figure 12 that vehicle 
model fidelity is good and performs well under FTTP75, and engine and motor together are able to meet the 
power demanded by the driver. 
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Figure 12. SAGA TTRH-EV model (TTR=50%) tested with FTTP75 


4. SUPERVISORY CONTROLLER DESIGN 

A typical control structure of a HEV consists of three layers: system-level, component-level, and 
physical layer. In some literature, the system-level layer is called the high-level controller, and the 
component-level layer of the control structure is called the low-level controller, as depicted in Figure 13. 
These two together formed the supervisory control unit (SCU). The supervisory system in an HEV computes 
the instantaneous amount of power for each energy source present in the HEV powertrain to deliver at each 
instant while satisfying several constraints. 
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Figure 13. Control system architecture of a HEV 


A system-level or high-level controller performs supervisory control tasks where it is responsible 
for: i) selecting the appropriate operating point, ii) coordination between energy sources onboard, iii) power 
management, and iv) regenerative braking control. This layer of control aims at optimizing the energy flow 
of the powertrain while maintaining SOC within an admissible range. It receives information from the driver 
and main components of the driveline and outputs the operating point and operating condition (set point) of 
driveline actuators to be executed by the low-level control layer. 


4.1. Supervisory control logic 

In general, there are nine operating modes for a HEV [18], out of which TTRH-EV, restricted by its 
structure, can avail itself of five operating modes. These operating modes are: i) EV only; ii) ICE only; and 
iii) TTRH-EV, iv) regenerative braking, v) stationary charging. The design of the vehicle in this study has to 
comply with Malaysian Green Mobility Plans [26], [27], hence the retrofitted SAGA must have plug-in 
capability and is not allowed to operate in charge-sustaining mode. For this reason, the supervisory control 
design for retrofitted SAGA has four operating modes (1-4). 

The supervisory controller is expected to decide operating modes, partition power demand between 
electric and engine powertrains, and improve vehicle fuel economy. Engine BSFC maps are incorporated to 
determine areas where engines have low fuel efficiency and use electric motors to run. Moreover, the engine 
OOL presented in Figure 6 gives the torque and speed values at which the engine has high fuel efficiency. 
The supervisory controller should run the engine along this line. The area in which engines have low fuel 
efficiency can be determined by studying the BSFC contour, and the power value below which engines 
operate inefficiently can be determined from the same map, which is shown in Figure 14. 
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From Figure 14, it can be seen that the engine's inefficient region is below the 17.8 kW power 
hyperbola. Thus, this is the region where the engine should run and an electric motor should supply it instead. 
Further investigation of the map shows that the engine leaves its optimal region after a 50-kW power 
hyperbola. Therefore, these two values determine the engine's optimal operation window [17.8—50 kW]. The 
supervisory controller should operate the electric motor outside this region where engine operation is not 
optimal. Table 3 summarizes the operating mode region for SAGA TTRH-EV. From Table 3, it can be seen 
that both the electric motor and engine are active in TTRH-EV mode, where the engine and electric motor 
together propel the vehicle. This would allow the implementation of a supervisory controller in 
MATLAB/state flow to be simpler Figure 15. 
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Figure 14. SAGA BSFC map with engine power hyperbola 
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Figure 15. SAGA TTRH-EV supervisory control implementation with MATLAB/state flow 
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Table 3. SAGA TTRH-EV operating modes 


Operating mode Electric Motor ICE 
EV On if power demand below 17.8 kW Off 
ICE Off On if power demand is between 17.8-50 kW 
TTRH-EV On On 
Regenerative Braking Motor functions as generator Off 


There are two super-states: Propulsion and braking, and within the propulsion super-state, the 
vehicle's operating mode is decided. The vehicle first starts in EV mode and continues in that state until the 
power demanded by the driver exceeds the 17.8 kW threshold. In EV mode, the engine and transmission 
control systems are off, so the engine-based powertrain is not supplying any power to the front wheels. The 
propulsion super-state is simultaneously monitoring power demand and using the TTRHEVonReg function to 
decide if the engine should run or stay off. The vehicle would enter the TTRHEV if the TTRHEVonReq 
function is ON (equal to 1). In the new state, supervisory control will calculate how much power the engine 
should provide. If the power demand is more than 50 kW, an electric motor will supply that surplus power 
demand, which is illustrated in Figure 16. 
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Figure 16. SAGA TTRH-EV control in hybrid mode 


4.2. Total torque and calculation 

The supervisory controller computed total power demand by multiplying torque by the motor speed 
measured at the wheel (post-transmission), Figure 17. The amount of torque demanded by the driver is 
calculated in the torque demand subsystem, Figure 18. Rear and front wheel speeds are measured and given 
to two lookup tables that contain optimal torque-speed characteristics of the engine and motor. The output of 
these two lookup tables is summed to determine the total amount of torque. This is where TTR (through-the- 
road) technology realizes itself. Finally, this value is multiplied by the accelerator pedal value and fed to the 
supervisory controller state flow chart to compute total power demand. 
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Figure 17. SAGA TTRH-EV supervisory controller implementation via MATLAB/State flow 


Int J Pow Elec & Dri Syst, Vol. 14, No. 4, December 2023: 1995-2009 


Int J Pow Elec & Dri Syst ISSN: 2088-8694 O 2005 


1-D T(u) 


1 


0.008s+1 1 Dae 
ICE_Post_Trans_Spd es 
- = Transfer Fen1 Product 
TrqDem 


PostTranSpd 


1-D T(u) 
| = 
; 1 Lg 
Mot_Post_Gear_Spd 7 Aha 
ransfer Fon2 TTRHEV 
EmTrqSpd 


Figure 18. SAGA TTRH-EV total torque calculation 


5. RESULTS AND DISCUSSION 

The control architecture for SAGA TTRH-EV implemented in Simulink is presented in Figure 19. It 
receives feedback data from low-level components of the vehicle and uses it to decide hybrid vehicle 
operating modes as well as the partitioning of power demand. The supervisory controller outputs necessary 
signals to the low-level controllers, i.e., the engine controller, electric motor controller, and transmission 
control unit (TCM), which contains gearshift logic for the 4-AT transmission. 

A complete model of the retrofitted TTRH-EV SAGA has been tested using various drive cycles such 
as FTTP75, EUDC, and ECE 15. However, only the results for FTTP75 are presented in this paper. The 
transition between different operating modes of vehicles is presented in Figure 20. The SAGA TTRH-EV 
controller switched between EV mode and TTRHEV mode. In TTRHEV mode, the engine is always on, and the 
controller switches on the electric motor when there is a surplus of power that must be met by the electric motor. 

Engine outputs of retrofitted SAGAs are presented in Figure 21. It can be seen that it supplies power 
to the wheels when it is required in TTRHEV mode and runs idle during EV mode. Figure 22 shows electric 
motor speed, torque, and power measurements. It can be seen that the motor is always on throughout the drive 
and supplies most of the power required by the driver. This in turn shows its effect on battery SOC, which 
causes it to deplete quickly and shorten the distance that can be traveled in EV mode, as shown in Figure 23. 
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Figure 19. SAGA TTRH-EV control architecture including high-level (supervisory) and 
component level controllers 
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Figure 21. Engine torque, speed and power of retrofitted SAGA 
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Figure 22. Electric motor measurements of retrofitted SAGA 
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Figure 23. Battery output measurement for retrofitted SAGA 


6. CONCLUSION 

The conversion of a Proton SAGA into a through-the-road hybrid electric Vehicle (TTRH-EV) is 
discussed. The electric powertrain components to run SAGA in electric mode were sized using the 
ADVISOR software package, and their physical model was developed using the MATLAB Simscape 
physical modeling toolbox. Finally, the model was validated against standard driving cycles. Similarly, the 
original vehicle, which is a Proton SAGA, was modeled using real, measured data. The physical model 
includes the engine, transmission system, controller, and vehicle dynamics systems. The engine-based 
physical model was tested against standard drive cycles, and results were presented. Next, the two models 
(EV and Engine-based) were combined to form the TTRH-EV. This model was also validated using multiple 
drive cycles, and results for FTTP75 were presented. Next, a supervisory controller was designed for the 
retrofitted SAGA TTRH-EV. This control strategy was based on the engine's BSFC map and its optimal 
operating line (OOL). The objective of the control is to operate the engine at its optimum operating window. 
The control values for the supervisory controller were obtained from the engine BSFC map, and the 
controller was implemented using the MATLAB state flow toolbox. In line with supervisory controllers, 
controllers for low-level components such as engines, electric motors, and transmissions were developed. 
Finally, results were presented to assess the performance of the supervisory controller of the retrofitted 
TTRH-EV. Based on the results presented, the supervisory controller manages to accommodate the power 
demanded by the driver and track the reference speed cycles. However, the supervisory controller needs 
further tuning, and its performance on fuel economy needs to be investigated. In hindsight, it is expected that 
the retrofitted SAGA TTRH-EV will demonstrate good fuel economy performance since the supervisory 
controller uses an electric motor throughout the drive cycle and to meet power demand. This means the 
engine is seldom used, which can be translated as low fuel consumption. 
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